Enteropathogenic Escherichia coli (EPEC) has been associated with infantile diarrhea and mortality in humans in developing countries. While diarrhea is also a major problem among primates kept in captivity, the role of E. coli is unclear. This study was designed to characterize diarrheagenic E. coli recovered from the feces of 56 New World nonhuman primates, primarily marmosets (Callithrix spp.). Seventeen of the 56 primates had signs of diarrhea and/or enteritis. E. coli recovered from feces from these animals was tested by PCR for genes encoding virulence factors of diarrheagenic E. coli and for patterns of adherence to HeLa cells. In addition, isolates were characterized by the fluorescence actin staining test and by their ability to induce attaching and effacing lesions. PCR for the eae gene was positive in 10 of the 39 (27%) apparently healthy animals and in 8 of the 17 (47%) animals with diarrhea and/or enteritis. Colonies of eae ؉ E. coli were serotyped and examined by PCR for genes encoding EPEC virulence markers. The eae ؉ E. coli isolates recovered from both healthy and sick nonhuman primates demonstrated virulence-associated attributes similar to those of EPEC strains implicated in human disease and are designated monkey EPEC. The results presented here indicate that EPEC may be a significant pathogen for nonhuman primates, deserving further investigation. The similarities between the affected animals investigated in this study and human EPEC infections suggest that marmosets may represent an important model for EPEC in humans.
Enteropathogenic Escherichia coli (EPEC) strains are important agents of infantile diarrhea, heading the statistics of infantile mortality in developing countries (35, 52) .
In contrast to other diarrheagenic Escherichia, EPEC does not produce any classical protein toxins but induces diarrhea by intimate binding to intestinal cells. Diarrhea is the result of a series of signals triggered by the pathogen-host membrane interaction, which in turn provokes reorganization of the cytoskeleton of the affected cell, involving accumulation of polymerized actin beneath the adherent bacteria, with a consequent loss in microvillus structure and effacement of the intestinal villi (11, 52, 53) . The lesion is called attaching and effacing (A/E) and is encoded by genes present in a pathogenicity island of the EPEC chromosome, called the locus of enterocyte effacement (LEE). This region contains genes for the production of an outer membrane protein (intimin) and the translocated intimin receptor (Tir), in addition to genes encoding proteins of a type III secretion system (10, 35, 53) . The carboxy-terminal region of intimin varies, resulting in five major subtypes of intimin, designated ␣, ␤, ␥, ␦, and ε (1, 38) . The most common sites of insertion of the LEE in the bacterial chromosome are the selC and pheU loci, but some strains of EPEC may have the LEE inserted in a third or unknown region (47) .
Although not essential for the development of A/E lesions, fimbriae called bundle-forming pili (BFP) encoded by the Escherichia attaching factor (EAF) plasmid promote the localized adherence of bacteria to epithelial cells, facilitating the occurrence of the lesion (7, 13, 35) .
E. coli strains which are able to induce the A/E lesion and are Stx negative are considered to be EPEC strains. Those EPEC strains which harbor the EAF plasmid are conventionally designated typical EPEC, and those which lack the plasmid are called atypical EPEC (35) . Recently, it has been proposed that demonstration of the production of BFP would be the best way to differentiate typical and atypical EPEC (52) . Epidemiological studies have indicated humans as the only natural reservoir of typical EPEC, since the serotypes included in this group have not been recovered from animals. On the other hand, atypical EPEC serotypes have been strongly associated with animal hosts (52) .
Typical EPEC strains have been clearly associated with diarrhea in humans (25, 52) . Atypical EPEC strains have been discussed by various authors (19, 55, 56) and are considered to be human emerging pathogens (52) . With respect to animals, A/E E. coli has been isolated from healthy and diarrheic animals of various species, including pigs (23, 28, 41) , cows (2, 17) , sheep and goats (5), horses (54) , dogs (3, 16, 33) , and rabbits (30) .
Although enteric diseases, specifically diarrhea, are frequently associated with morbidity and mortality in nonhuman primates in captivity, studies on the role of different agents in these diseases are lacking (20, 32) . Thomson and Scheffler (48) reported an outbreak of diarrhea caused by A/E E. coli in marmosets maintained at the Primatology Center. More recently, EPEC was associated with a simian immunodeficiency virus opportunistic infection in rhesus monkeys (27) and with ulcerative colitis in cotton-top tamarins (26) .
In addition to their importance in biomedical research, neotropical primates account for one-third of all monkey species known worldwide; therefore, the study of the impact of various pathogens on these populations is extremely valuable, especially in the context of conservation (31) .
Thus, the objective of the present study was to characterize diarrheagenic E. coli strains isolated from neotropical primates with or without signs of enteric disease, with special emphasis on typical and atypical EPEC.
MATERIALS AND METHODS

Animals and feces collection.
A total of 56 nonhuman primates were studied after authorization by the Brazilian Institute of Environment (protocol 02027.008961/01-16) and the Biomedical Institute/USP-Ethical Committee for Animal Research (protocol 042/2002). Thirty-two live animals of the genus Callithrix were sampled. Thirty-one of these were apparently healthy and were maintained at the Departamento de Á reas Verdes do Município de São Paulo (DEPAVE), and one animal with diarrhea was obtained from a private breeding colony. The DEPAVE is a center for the screening and recovery of wild animals and receives animals that are captured in public areas of the city of São Paulo, Brazil, and then later referred to zoologic or breeding institutions. The remaining 24 animals were submitted for postmortem examination at the Laboratory of Comparative Pathology of Wild Animals (LAPCOM), Faculdade de Medicina Veterinária e Zootecnia, Universidade de São Paulo. These randomly chosen animals differed in origin (zoo, private breeding colony, and the wild). Sixteen of these animals had nonbloody acute diarrhea before death and/or macroscopic alterations compatible with enteritis as mucosal thickness associated with congestion or hyperemia and inflammatory exudation, while the remaining eight animals had other alterations but none related to intestinal disease. Feces were collected with sterile swabs from the rectum of live animals and the colon of dead animals and were transported to the laboratory in Stuart medium (Stuart CLR medium CE0373; MEUS, Piove di Sacco, Italy).
Bacterial isolation and characterization. The swabs were streaked onto plates of MacConkey agar, and the plates incubated at 37°C for 24 h. Lactose-positive and lactose-negative colonies were identified biochemically by standard techniques using EPM, MILi, and Simmons citrate (49, 50) . One to three colonies from cultures from each animal, selected as potentially diarrheagenic according the PCR for virulence factors, were subcultured on tryptic soy agar and also stored in brain heart infusion agar plus 50% glycerol at Ϫ70°C for further utilization. Isolates were serotyped at the Health Canada Laboratory for FoodBorne Zoonoses, Guelph, Ontario, Canada.
Analysis of virulence factors by PCR. To determine the presence of diarrheagenic E. coli among the selected subcultures, PCR tests were carried out for genes encoding thermolabile toxins (LT-I and LT-II) and thermostable toxins (STa and STb) produced by enterotoxigenic E. coli and Shiga toxins (Stx1 and Stx2) of Shiga toxin-producing E. coli. The following factors were analyzed in order to characterize the EPEC strains: a fragment of the eae gene; intimin subtypes ␣, ␤, ␥, ␦, and ε; the bfpA gene; the EAF plasmid; and the LEE insertion site. All isolates were also subjected to PCR assay to characterize enteroaggregative E. coli (EAEC). PCR conditions for the amplification of the above gene sequences were previously described (1, 4, 9, 12, 18, 29, 37, 38, 42, 45, 46, 47) . Sequences of the primers used, annealing temperatures, and the sizes of the amplified fragments are shown in Table 1 .
Detection of BFP expression. Western blotting was used to determine the expression of BFP in samples positive for bfpA by PCR, using the following method.
The bacteria were inoculated in Dulbecco's modified Eagle medium and incubated for 18 h at 37°C with shaking. An aliquot of 100 l of this culture was inoculated into 10 ml of Dulbecco's modified Eagle medium and incubated at 37°C to reach an optical density at 600 of 0.250. The proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using a 15% polyacrylamide gel and transferred to a nitrocellulose membrane (Hybond-C Extra; Amersham Life Science) by electroblotting. The immunoblots were blocked with 3% bovine serum albumin (Sigma) and reacted with rabbit anti-BFP antibodies.
After reaction with alkaline phosphatase-conjugated anti-rabbit immunoglobulin G (Sigma), the BfpA pilin subunit was visualized by the addition of 5-bromo-4-chloro-3-indolylphospate-nitroblue tetrazolium (Sigma Fast tablets). Adherence pattern and actin aggregation. The adherence assays were carried out using infected HeLa cell cultures incubated for 3 and 6 h as previously described (6) . The same cell lines infected with E. coli isolates and incubated for 6 h were subjected to the fluorescence actin staining (FAS) test (24) .
Electron microscopy. A/E lesions were evaluated at the ultrastructural level by inoculation of HEp-2 monolayer cells grown in flasks with isolates identified as 7a, 7b, 15a, and 15b, as standardized for the adhesion test (6) . After 6 h of incubation at 37°C, the cells were washed three times with phosphate-buffered saline and fixed with 2% glutaraldehyde in phosphate buffer for at least 2 h. The cell layer was scraped off, centrifuged at 3,400 ϫ g for 5 min, resuspended in saline, and subjected to two additional centrifugations. The cells were then stained with 1% osmium solution for 24 h and washed three times as described above. The cells were incubated with 0.5% uranyl for 24 h, washed, embedded in melted agar, and kept in the refrigerator for 24 h. After cutting out the agar, 0.5% uranyl was added and the specimens were dehydrated, embedded in resin, and cut into semi-and ultrathin sections 50 to 70 nm thick with a glass knife coupled to a Sorval MT 5000 ultramicrotome. The sections were observed under a Phillips EM201 transmission electron microscope.
Histopathological evaluation. Fragments of small intestine and colon were collected from all necropsied animals, fixed in 10% buffered formaldehyde solution, and processed by routine paraffin embedding techniques. Sections were stained with hematoxylin-eosin and toluidine blue and observed under an Olympus BMA-50 trinocular light microscope.
Statistics. The 2 test was used to verify differences between groups (statistical significance, P Ͻ 0.05).
RESULTS
Isolation and characterization of diarrheagenic E. coli.
Monkey EPEC (MEPEC) or EPEC-like strains were the only groups of diarrheagenic E. coli isolated from the fecal samples. These were identified based upon the detection of the eae gene and the absence of genes for Stx1 and Stx2. No E. coli strains harboring gene sequences for LT-I, LT-II, STa, STb, Stx1, and Stx2 toxins were detected in any of the nonhuman primates studied. Table 2 shows the species, age, gender, duration of captivity, origin, and clinical status of the animals from which MEPEC or EPEC-like strains were isolated. Clinical history and cause of death are demonstrated in Table 3 . Eighteen out of 56 (32%) of the animals had E. coli strains carrying the eae gene, including 8 of 17 (47%) with diarrhea and/or enteritis and 10 of 39 (26%) without these signs or alterations (Table 4) . Considering only animals positive for MEPEC or EPEC-like strains, the bacterium was isolated from 32% (10 of 39) of the live apparently healthy animals and from one live marmoset with diarrhea. MEPEC or EPEC-like strains were recovered from 44% (7 of 16) of the dead animals with diarrhea and/or enteritis but not from dead animals without diarrhea or enteritis (Table 4) .
Virulence factors in eae ؉ stx-lacking E. coli. E. coli strains were selected for the determination of intimin subtypes, LEE insertion site, and the presence of bfpA and EAF. Only isolates that showed different phenotypes or genotypes were considered. Among these, PCR showed that four isolates had intimin genes of subtype ␤, five had intimin genes of subtype ␣, and 12 were nontypeable (Table 5) . With respect to the LEE insertion site, most isolates (13 of 21) had the insertion in selC, with three of them also showing an interrupted pheU. In five isolates, only pheU was interrupted, while in three isolates there was no LEE insertion at either locus ( Table 5 ). The bfpA gene was detected by PCR in 33% (7 of 21) of the isolates, while the EAF plasmid was not detected in any isolate. BFP expression was demonstrated by Western blotting in five of the seven bfpA-positive samples (Table 5 ; Fig. 1) .
Adherence pattern and ability of actin aggregation. All the isolates adhered to HeLa cells. Most of the isolates in which BFP was expressed (four of five) showed a variation of the typical localized adhesion (LA) pattern. Bacterial microcolonies attached to the cell surface as clusters were accompanied by prominent agglutination of the bacterial cells on the glass coverslip as well as around HeLa cells, typical of the aggregative adherence (AA) phenotype, although the PCR assay for EAEC was negative for all of them ( Fig. 2A to D) . This phenomenon was observed as soon as 3 h of infection and confirmed at 6 h. The LA-like (LAL) pattern, characterized by the presence of less-compact clusters of bacteria observed only after 6 h of incubation, was verified for 5 of the 21 isolates (Fig.  2E) . The diffuse adherence (DA) pattern was detected with two strains (Fig. 2D) , and nine isolates had patterns of adherence that were different from any pattern described in the literature and were therefore assigned the designation noncharacteristic. As shown in Table 5 , all isolates were able to promote actin accumulation in HeLa cells.
Characterization of A/E lesions. All strains studied by electron microscopy induced A/E lesions which were characterized by tight binding between the bacterial and cell membranes, accompanied by alterations in the cytoskeleton seen by con- densation of actin and formation of a pedestal below the binding site. Internalization of bacteria after 6 h of infection was observed for all the isolates (Fig. 3) . Serotyping. The 21 eaeA-positive E. coli strains belonged to 11 serogroups and 13 serotypes (Table 5) . O167:H9, O127, and O49:H46 were the most prevalent, identified in three animals each (23%), followed by serotypes O142:H6 and O132:H31 (each identified in two animals [15%]) and O139:H4, O128: H2, O26:H7, O167:H6, O33:NM, OR:H34, and O8:H10 (identified in one animal each). The serotype O167:H9 and the serogroup O127 were isolated from both healthy and sick animals; serogroups O26:H7, O142:H6, O139:H4, and O8:H10 were only identified in animals with enteritis; and serogroups O128:H2, O49:H46, O132:H31, O167:H6, OR:H34, and O33:NM were found only in apparently healthy animals (Tables 2 and 5). Different colonies of serotypes O132:H31, O127: H40, and O142:H6, showed homogeneity regarding the LEE insertion site. With respect to intimin subtype characterization, in addition to isolates of serotype O132:H31 and O49:H46 which included subtype ␤ and untypeable isolates, serotype O167:H9 also demonstrated intimin variation (one isolate characterized as untypeable, one as intimin ␤, and one as ␣ subtype). The three isolates serotyped as O142:H6 showed the ␣ intimin subtype.
Histopathological evaluation. Histopathological evaluation of the colon of animals submitted for necropsy and from which eae ϩ E. coli was isolated revealed distortion and reduction in crypt size and an inflammatory infiltrate. Such alterations were absent or occurred in a mild form in animals lacking this type of bacteria. The presence of adherent bacteria in some tissue sections of animals with eae ϩ E. coli was also verified (Fig. 4) .
DISCUSSION
Although enteritis is a frequent cause of morbidity and mortality in colonies of nonhuman primates held in captivity, the role of the various agents in this condition is poorly understood (20, 32) . In the present study we examined neotropical primates with and without signs of enteric disease for the presence of E. coli with diarrheagenic potential. We observed a significant difference (P ϭ 0.00003) between the percentage of animals that died among those with diarrhea and/or enteritis (94%) compared with the percentage that died from the animals which showed no signs of diarrhea and/or enteritis (21%), indicating that these phenomena (diarrhea and/or enteritis and death) are related, as also reported by others (20, 21) .
We did not detect gene sequences that are markers of classical toxigenic E. coli in any of the fecal samples from the (20, 32) . The only potential pathogenic E. coli strains we detected were strains that harbored genes for intimin production and lacked genes for Stx1 and Stx2. Also, all strains studied were able to cause the A/E lesion as determined by the FAS test, and confirmed by electron microscopy of cells infected with some of the strains. Since there is a consensus that EPEC strains are defined by the ability to induce A/E lesions combined with the inability to produce Shiga toxins and not only on the basis of O:H antigens (35), the present results permit us to define the E. coli strains isolated here as being EPEC or MEPEC strains. The EPEC stains were isolated from 47% of the animals with diarrhea and/or enteritis versus only 26% of apparently healthy individuals. Although this difference was not statistically significant, the higher percentage of isolation from sick animals, together with the absence of this pathogen in necropsied animals with no enteritis, suggests that EPEC may be involved in the disease in these primates, although other intestinal pathogens that were not investigated could be involved. This conclusion is supported by the observation of bacteria adhering to intestinal cells of EPEC-positive necropsied animals and is associated with histopathological alterations such as reduced crypt size and presence of an inflammatory infiltrate. The same phenomenon has been observed previously in rhesus monkeys with AIDS infected with EPEC (27) .
Outbreaks of hemorrhagic diarrhea in marmosets, opportunistic infections in rhesus monkeys with AIDS, and ulcerative a The percentage of dead animals among animals with diarrhea and/or enteritis was significantly higher than that among animals that had been apparently healthy. colitis in cotton-top tamarins have been associated with EPEC (26, 27, 48) . However, there are no reports in the literature about the characterization of this potential pathogen in apparently healthy animals, as observed in the present study. Adults and juvenile animals may represent important sources of infection for more-susceptible individuals since they live in family groups (32) . In children younger than 1 year there is a strong correlation between diarrhea and the isolation of typical and atypical EPEC (25, 44) . With respect to animals, there are speculations about the pathogenic potential of EPEC for different species (2, 3, 5, 16, 23, 28, 41) , with their pathogenicity having been well characterized in rabbits, the species used as an experimental model (30) . However, some researchers have observed that even strains isolated from sick animals mostly belong to serotypes that differ from those isolated from humans, a fact that has led to use of the term EPEC-like strains (30, 35) .
The present results demonstrate that in the case of nonhuman primates, several isolates belong to serogroups and/or serotypes related to those implicated in human disease, such as the traditional EPEC serogroups O127, O128, O142, and O26 (58) , with the last one including also enterohemorrhagic E. coli strains (39) . Three of the serotypes isolated are related to outbreaks of diarrhea in humans. Serotype O142:H6, isolated from two sick animals, and serotype O128:H2, isolated from a healthy animal, are classified as typical and atypical EPEC serotypes, respectively, and are important agents of children's diarrhea all over the world (8, 14, 51, 52) . In contrast, serotype O167:H9, isolated from three animals, although not included among the EPEC serotypes, was characterized as A/E E. coli that caused an outbreak of gastroenteritis involving a large number of school children (36) . Strains of serogroup O26, in addition to being a recognized human pathogen, were characterized as EPEC causing hemorrhagic colitis in an outbreak affecting a marmoset colony maintained at the Primatology Center (48) .
An important marker of EPEC pathogenicity is the presence of the EAF plasmid which codes for the fimbria denoted BFP, responsible for the LA phenotype characteristic of typical EPEC (35) . None of the strains isolated here from nonhuman primates was positive in the PCR assay for EAF, although 7 of 21 were positive for bfpA, and 5 of these 7 expressed this fimbria. Except for an isolate of serotype O142:H6, none of the others that expressed this characteristic belonged to the classical EPEC serotypes (O49:H6, O132:H31, O167:H9, and O167:H6). Serotypes related to children's diarrhea such as the atypical O119:H2 and the typical O142:H6 have been reported as EAF-negative, bfpA-positive EPEC strains in Brazil (51, 52) , despite the importance of the EAF plasmid for the regulation of plasmid and chromosomal genes involved in the establishment of the A/E lesion (15, 22) . Trabulsi et al. (52) have speculated that the production of BFP may be the best way to differentiate typical and atypical EPEC strains. Thus, the presence of this gene sequence associated with the expression of BFP even in strains not belonging to classical serotypes indicates the virulence potential of these strains isolated from nonhuman primates.
The LA phenotype was identified in all strains expressing BFP, but not in the two bfpA-positive, BFP-negative strains. These two strains showed the LAL phenotype previously re- FIG. 3 . Electron micrograph of HEp-2 cells after incubation for 6 h at 37°C with E. coli 15a. Note that the E. coli is closely attached to the cell membrane and that there is electron-dense material beneath the adherent bacteria (arrowheads). Some bacteria are partially internalized (arrow). Bar ϭ 2,190 nm.
VOL. 41, 2003 HUMAN TYPICAL AND ATYPICAL EPEC FROM NONHUMAN PRIMATES 1231 ported for strains that had lost the EAF plasmid (40, 44) , classified as atypical EPEC strains. In both cases, and in all strains that exhibited the LA phenotype, the AA phenotype was also observed in spite of a negative PCR assay for the gene usually involved in AA. The AA pattern is observed in EAEC, a pathogen emerging worldwide as a cause of persistent diarrhea (34) . It is possible that these bacteria isolated from nonhuman primates have a mosaic of characteristics of virulence constructed from the acquisition of genes that code for other fimbrial and/or membrane antigens (34) . These genes may have been acquired and disseminated among different groups of animal E. coli strains since a similar phenomenon has been observed in strains from cattle and rabbits (A. Pestana de Castro, personal communication). The A/E lesion occurs due to genes present in the LEE pathogenicity island, which contains the eae gene that codes for intimin expression (35) . Phylogenetic studies have suggested that the site of insertion of this gene complex is directly related to the evolutionary origin of the strain. On this basis, strains characterized as typical EPEC serotypes are included in the same evolutionary branch, where the LEE is inserted into the selC locus of the bacterial chromosome (57) , and the intimin is of the ␣ subtype (1). In atypical EPEC serotypes, the LEE may be inserted in the pheU locus or another site (47, 57) . All the isolates which had the intimin ␣ subtype had the LEE inserted in selC and had been recovered from animals with enteritis. Three of them were serotyped as O142:H6, and one was characterized as O127:H?, suggesting that the origin of these strains may be similar to that of human strains. The fact that other isolates had the LEE in different loci (pheU, both sites, or none of them) and had intimin that was subtype ␤ or nontypeable supports the idea that the LEE region is a dynamic entity in terms of the transfer of the full cassette or isolated genes (43; J. V. Newman, K. G. Mansfield, and D. B. Schauer, Abstr. 100th Gen. Meet. Am. Soc. Microbiol., abstr. D166, 2000), a fact possibly favoring the appearance of new pathogenic strains (43) .
The participation of diarrheagenic E. coli strains, more specifically EPEC, in enteric diseases of nonhuman primates held in captivity may be underestimated. The results reported here indicate that this pathogen may be involved in the signs and symptoms of enteric disease, since the bacteria isolated from animals with enteritis had virulence properties similar to those detected in strains related to human disease. In addition to the impact these bacteria may have on the health of colonies of animals held in captivity, there is also the potential risk of transmission to humans, which characterizes the zoonotic potential of these infections. The isolation of strains with genotypic and phenotypic characteristics similar to those of typical EPEC serotypes indicates that not only humans but also nonhuman primates may represent a natural reservoir and source of infection of these bacteria for both human and nonhuman primates.
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